The solid solutions of lead nickel niobate (PNN) 
I. Introduction
Complex perovskite type AB ′ B ′′ O 3 structure show excellent dielectric, ferroelectric and electromechanical properties that opened a wide field of applications such as sensors, actuators, multilayer capacitors, transducers, memory devices etc. [1] [2] [3] [4] . The highly tolerant AB ′ B ′′ O 3 structure provides enough scope for modification either at A-site or B-site. The electrical properties and ferroelectric phase transition temperature can be effectively controlled by suitable doping at B-site. Lead zirconate titanate (PZT), a normal ferroelectric material, is found to possess excellent dielectric and piezoelectric properties for compositions near the morphotrophic phase boundary (MPB) located around Zr : Ti∼1 : 1 separating Zr-rich rhombohedral phase from Ti-rich tetragonal phase [5] . Lead nickel niobate (PNN) is a relaxor ferroelectric and possesses a broad dielectric peak unlike that in PZT, which is a normal ferroelectric with a sharp dielectric peak. Thus, by controlling the amount of PZT, the Curie temperature in PNN-PZT can be engineered over a wide temperature range. A number of researchers [6] [7] [8] [9] have carried out investigations on such binary systems being relaxor or normal ferroelectric with optimum dielectric permittivity and piezoelectric properties. Some compositions in the ternary solid solution of Pb(Ni 1/3 Nb 2/3 )O 3 -PbZrO 3 -PbTiO 3 (PNN-PZ-PT) might have large electromechanical coupling factor (k p > 65%) and high dielectric constant (ε r > 5000) [10, 11] . A detailed investigation on the reaction kinetics of Pb(Ni 1/3 Nb 2/3 )O 3 -Pb(Zr 0.48 Ti 0.52 )O 3 using conventional solid state reaction technique was carried out by Babushkin et al. [12] in which the presence of various pyrochlore phases at different temperatures was detected. Choi et al. [13] investigated the effect of NiO addition to the PNN-PZT ceramics on piezoelectric properties and it was found that addition of 1 mol% of NiO into PNN-PZT caused an abrupt increase in dielectric and piezoelectric properties. These investigations were concentrated on the addition of NiO in different mole percent to the PNN-PZT ceramics and as such there are no detailed results related to ferroelectric properties. However, in the present work, both NiO and Nb 2 O 5 were varied alternatively with different compositions. Hence, in the present investigation, solid solutions of a relaxor ferro-electric (PNN) and a normal ferroelectric (PZT) were prepared with general formula 0. Structural characterization of the sintered samples was carried out using Rigaku X-ray diffractometer with monochromatic CuK α radiation (λ = 1.5405 Å) and nickel filter in a wide 2θ range of 20-80°using step scanning with a step size of 0.02°. The percentage of perovskite phase content was calculated using equation [14] :
where I 110 and I pyro are intensities of the most intensive perovskite and pyrochlore XRD peaks, respectively. Scanning electron microscope (SEM, JEOL JSM-6390 LV) was used to examine the surface morphology and grain size whereas chemical composition was confirmed by energy dispersive X-ray analysis (EDAX, JEOL JED-2300). For electrical measurements, parallel plate capacitor was prepared by applying silver paste on both sides of the sintered pellet and firing at 400°C for 1 h. The dielectric measurements were recorded with the help of automated impedance analyser (4192A LF model) interfaced with USB-GPIB converter 82357 (Agilent) and further automated by using a computer for data recording, storage and analysis. The polarization versus electric field (P-E hysteresis loops) measurement at room temperature was carried out by using an automatic P-E loop tracer (Marine India Electrocom Ltd., New Delhi, India). Figure 1 shows the X-ray diffraction pattern for three different compositions of 0. The diffraction patterns show that apart from the formation of perovskite phase, an undesirable pyrochlore phase appears (Fig. 1) .
III. Results and discussion

Structural and morphological studies
Only the sintered PNN(1/3)-PZT ceramics possess 100% perovskite phase, as is clearly seen in Fig. 1a . On increasing the value of x, the pyrochlore phase content increases and maximal amount is present in the sample PNN(2/3)-PZT (Fig. 1c) . The increase in pyrochlore phase with increase in nickel concentration is due to the off-stoichiometry of cations on the B-site which resulted in the creation of vacancies and hence the pyrochlore phase formation. Table 1 gives the data regarding percentage of perovskite phase, theoretical density and grain size for all three compositions. Theoretical density was calculated from weight and volume of the sample. The scanning electron micrographs (Fig. 2) reveal the surface morphology with uniform distribution of grains having grain size in the 0.2-1.1 µm range. Figure 3 shows the energy dispersive X-ray analysis spectra confirming the presence of all the elements (i.e., Pb, Ni, Nb, Zr, Ti and O) in the composition.
Dielectric studies
The temperature dependence of dielectric constant (ε ′ ) for 0.5 Pb(Ni x Nb 1-x )O 3 -0.5 PZT, where x = 1/3, 1/2 and 2/3 for three different frequencies viz., 10 kHz, 100 kHz and 1 MHz is shown in Fig. 4 . It is clearly depicted that all three compositions show diffuse phase transitions (DFT) characterized by a broad Curie peak. The wide peak in the temperature dependence of the dielectric constant (ε ′ ) with characteristic dispersion observed at all frequencies is associated with the freezing of dipoles [15] . The existence of compositional fluctuations or the substitution of more than one cation in the equivalent crystallographic sites results in microscopic heterogeneity and, thus, distribution of different local Curie points thereby leading to a diffused broad peak [16] . The dielectric constant was found to increase with increase in grain size. This can be attributed to the fact that as the grain size increases, the grain boundary phase gets smaller, favouring the release of the clamping effect of domain walls to some extent [17] . The minimum and maximum values of dielectric constant for three different compositions are given in Table 2 . From these values it was observed that when Ni/Nb are doped in equal ratio, the value of ε ′ is about 293 (at 10 kHz) which is maximum among these three compositions. The value of dielectric constant (ε ′ ) obtained in the present case is low compared to the already reported [10, 11] . The difference in the value of ε ′ is due to the different preparation method and composition (higher ε was obtained for addition of 1 mol% of NiO into PNN-PZT and Zr/Ti = 48/52). Figure 5 shows the frequency dependence of dielectric constant at various temperatures. In all cases, strong frequency dispersion in dielectric constant was observed at lower frequencies followed by nearly frequency independent behaviour at higher frequencies. The value of dielectric constant decreases with increase in frequency and has maximum at lower frequency corresponding to the bulk effect of the system [18] . The decrease in the value of dielectric constant with increasing frequency can be attributed to the electrical relaxation process. Also, the dielectric constant value increases with rise in temperature at all frequencies and this rise in dielectric constant can be attributed to the increase in conduction due to the contribution of space charge polarization [19] . The dielectric losses were obtained only in a particular temperature range shown in Fig. 6 for all three compositions and small peaks can be observed. The shift in peak position towards higher temperature with increasing frequency suggests temperature dependence of dielectric relaxation at selected frequencies. With increase in temperature, the value of tan δ also increases, thereby indicating an increase in thermally activated free charge carriers with temperature [20] . PNN(1/3)-PZT possesses lowest dielectric loss and very low loss at lower temperatures and hence possesses good insulating properties. The nature of dielectric relaxation has been studied through complex plane Argand plot (plot of imaginary part of dielectric constant (ε ′′ ) versus real part of dielectric constant (ε ′ )) commonly called Cole-Cole plot [21] . For a purely Debye type process (α = 0), the Cole-Cole plot is a perfect semicircle with its centre located on the real axis. However, for non-Debye type relaxation, it is a distorted semicircle with end points on the real axis and centre lying below the real axis. Mathematically, the Cole-Cole plot obeys the following empirical relation:
Here, ε ∞ is the high frequency limit of the permittivity, ε s is the static dielectric constant, ε s − ε ∞ is the dielectric strength, ω is the angular frequency, τ is the mean relaxation time and α represents distribution of relaxation time which can be determined from the angle subtended by radius of the Cole-Cole plot with the real axis passing through the origin of the imaginary axis. At ε ∞ and ε s , there will be no dielectric loss and maximum loss occurs at the midpoint between the two dielectric properties values. 
AC conductivity and activation energy
AC conductivity (σ AC ) has been calculated from dielectric constant (ε ′ ) and dielectric loss (tan δ) data using the empirical relation:
where ε 0 = 8.845 × 10
−12
F/m is the permittivity of free space. The variation of AC conductivity as a function of 1000/T for frequencies of 10 kHz, 100 kHz and 1 MHz in the temperature range 380-450°C is shown in Fig. 10 . With the increase in frequency, AC conductivity increases. This might be due to the fact that at lower frequencies high energy barriers are present and so the charge carriers contributing to conductivity have high relaxation times, thereby resulting in lower conductivity. However, as the frequency increases, more charge carriers with low barriers heights can respond easily with the applied frequency resulting in higher conductivity. Also an increase in AC conductivity with increase in temperature indicates the negative temperature coef- ficient of resistance (NTCR) character, thereby suggesting that electrical conduction in this material is due to thermally activated transport process governed by Arrhenius equation:
where σ 0 is AC conductivity pre-exponential factor, k B is the Boltzmann constant and E a is activation energy. The activation energy calculated from the slope of ln(σ AC ) versus 1000/T graph ( Fig. 10 ) using equation 4 is given in Table 3 . From the table, a decreasing trend in activation energy with increasing frequency as well as change in composition was observed. The decrease in activation energy with increasing frequency is attributed to the enhancement of the charge carriers to jump between localized states at higher frequencies of the applied field [22, 23] . The activation energy obtained in all cases is < 1 eV and this low value may be due to carrier transport through hopping between localized states in a disordered manner [24, 25] . It has been reported in literature [26] that in perovskite oxides, the activation energy for oxygen vacancy migration is ∼ 1 eV, whereas for A-site cation migration is ∼ 4 eV and for B-site cation migration its value is ∼ 14 eV. So, in the present case, the low value of activation energy i.e., < 1 eV suggests the oxygen vacancies to be the most probable hopping carrier. Also, the decrease in activation energy on increasing concentration of Ni is due to the fact that Ni possesses different oxidation states (+1, +2, +3 and +4) and can partially substitute Zr thus leading to the creation of oxygen vacancies [27] . While Ni concentration increases, the number of oxygen vacancies also increases and hence activation energy decreases.
Ferroelectric studies
The polarization versus electric field (P-E) hysteresis loops for the PNN-PZT composites with different Ni/Nb ratio, x = 1/3, 1/2 and 2/3 is shown in Fig. 11 . The lowest coercive field (E c = 3.94 kV/cm) and the highest remnant polarization (P r = 4.25 µC/cm obtained for composition PNN(1/2)-PZT and no saturation polarization was obtained in this case up to a maximum applied field of 23 kV/cm. A further increase in the applied field led to the electrical breakdown. The unsaturated P-E loop obtained in this case may be due to the low resistivity of this sample [28] . Due to leaky nature of the loop, it gives wrong value of remnant polarization. The typical slim P-E loop is obtained for the composition PNN(2/3)-PZT. The value of remnant polarization and coercivity is also related to the grain size of the samples. The smallest grain size (0.24 µm) was obtained for PNN(1/3)-PZT and it has maximum value of remnant polarization (4.25 µC/cm 2 ) and minimum coercivity (3.94 kV/cm). Thus, a direct correlation is obtained between the grain size and the ferroelectric properties. Also, it has been observed that remnant polarization reduces from 4.25 µC/cm 2 for PNN(1/3)-PZT to 0.28 µC/cm 2 for PNN(2/3)-PZT, demonstrating that degree of "switchable" polarization is significantly reduced owing to domain wall clamping. In general, the acceptor doping is accompanied by the generation of oxygen vacancies for ionic charge compensation, which in turn hinders the domain wall motion and lead to the decrease of remnant polarization with simultaneous increase of coercivity [29] . The values of remnant polar-ization, saturation polarization and coercivity are given in Table 4 .
IV. Conclusions
Lead nickel niobate-lead zirconate titanate (PNN-PZT) ceramics having general formula 0.5 Pb(Ni x Nb 1-x )O 3 -0.5 PZT, where x = 1/3, 1/2, 2/3 with Zr/Ti = 50/50 were synthesized by conventional mixed oxide route and sintered at 1100°C. X-ray diffraction analysis confirms the perovskite phase along with pyrochlore phase formation for the samples with x = 1/2 and 2/3 (PNN(1/2)-PZT and PNN(2/3)-PZT). Scanning electron micrographs depict dense and homogeneous packing of grains with average grain size in the sub-micrometer range whereas the presence of almost all elements was confirmed by energy dispersive X-ray analysis (EDAX). The dielectric spectroscopy indicates the highest value of dielectric constant (293) for the composite PNN(1/2)-PZT. The dielectric behaviour indicates formation of diffuse phase transition. The dielectric loss was found to increase with rise in temperature. The temperature dependence of AC conductivity indicates increase in conductivity with increase in temperature thereby suggesting negative temperature coefficient of resistance (NTCR) character. The polydispersive nature of dielectric relaxation is explained on the basis of complex plane Argand plot and its shape indicates the contribution from both grain and grain boundary in the relaxation process. The low value of activation energy (< 1 eV) suggests the oxygen vacancies as the dominant hopping charge carrier. The highest value of remnant polarization was obtained for the composite PNN(1/3)-PZT. Typical ferroelectric loop was obtained for PNN(1/3)-PZT and PNN(2/3)-PZT whereas unsaturated ferroelectric loop was observed in the case of the sample PNN(1/2)-PZT.
